The North Pacific Gyre Oscillation (NPGO) significantly imprints on hydrological fluctuations of the East Asian summer monsoon (EASM) region, but this has not yet been observed in proxy-based hydroclimate reconstructions. This study reports a tree-ring cellulose oxygen isotope (δ 
Background
Decadal climate changes in the Pacific Ocean are an important issue because these fluctuations may affect the rate of surface warming through increased subsurface ocean heat uptake (e.g., England et al. 2014 ) and cause changes in marine ecosystems (e.g., Mantua et al. 1997 ). Sea-surface temperature (SST) patterns in the North Pacific region are characterized by the Pacific Decadal Oscillation (PDO; Mantua et al. 1997; Zhang et al. 1997) and the North Pacific Gyre Oscillation (NPGO; Di Lorenzo et al. 2008 ). The PDO is the first leading empirical orthogonal function (EOF) mode of SST anomalies (Mantua et al. 1997; Zhang et al. 1997) , and the NPGO is defined as the second leading EOF mode of the seasurface height (SSH) anomalies (Di Lorenzo et al. 2008) . The SSH pattern of the NPGO is also consistent with the second EOF mode of the SST anomalies (Bond and Harrison 2000) which are forced by dipole sea-level pressure (SLP) anomalies in the North Pacific (Di Lorenzo et al. 2008) , the so-called North Pacific Oscillation (NPO; Rogers 1981) .
Recently, a number of studies indicate that the impact of NPGO on the climate system is increasing due to an amplification in the late 1980s, which is similar in amplitude to that of the PDO (Yeh et al. 2011) . Previous work reported that the NPGO synchronizes the climate variability in the western North Pacific boundary [KuroshioOyashio Extension (KOE) region] with a lag of 2-3 years, and the westward propagating Rossby wave is responsible for this variation (Ceballos et al. 2009 ). Previous studies also examined the relationship between the NPGO and western boundary of the North Pacific summer climate system Ye et al. 2016) . The western North Pacific summer monsoon (WNPSM) has a significant impact on the NPGO in March-April-May of the following year , and the NPGO also appears to influence the East Asian summer precipitation (Ye et al. 2016) .
To develop understanding of the long-term fluctuation in the North Pacific Ocean, proxy-based paleoclimate reconstructions are necessary because instrumental records are sufficient for calculating the PDO index (Mantua et al. 1997; Zhang et al. 1997 ) and the NPGO (Di Lorenzo et al. 2008) index from only A. D. 1900 and A.D. 1950, respectively . While previous studies have reported PDO reconstructions using various climate proxies (e.g., tree-ring width, historical documents, coral) (D' Arrigo and Wilson 2006; Shen et al. 2006; Felis et al. 2010) , NPGO reconstruction (performed using hydrogen isotopes of the ice core in the central Kamchatka) only shows significant correlation to the NPGO index following a climate regime shift in A. D. 1976 D. /1977 D. (Sato et al. 2014 ). In the central tropical Pacific (Palmyra Island), a coral Sr/Ca-based SST record is highly correlated to the NPGO index on decadal timescales over the twentieth century (Nurhati et al. 2011) due to the NPGO relationship with the central Pacific El Niño (Di Lorenzo et al. 2010) . Recently, coral radiocarbon data from the eastern tropical North Pacific (San Benedicto Island) show that this variability reflects NPGO-driven gyre circulation and regional coastal upwelling (Rafter et al. 2017) . However, there is yet no NPGO reconstruction in the western boundary region of the North Pacific. Hydroclimate reconstruction from the northern limit of the East Asian summer monsoon may produce NPGO proxy, increasing our understanding of its dynamics over the recent centuries.
Thus, we examine the feasibility of constructing an NPGO proxy based on tree-ring cellulose oxygen isotopes (δ 18 O) that reflects relative humidity by means of the tree from northeastern Japan. In general, mid-latitude atmospheric water vapor is sourced from tropical regions, with relatively stable oxygen isotopes ratios in the western tropical Pacific (e.g., Yokoyama et al. 2011) . Because summer rainfall δ 18 O at mid latitudes is negatively correlated to precipitation amount (amount effect; Dansgaard 1964) , and this precipitation generally has positive correlation with the relative humidity in Japan, we are able to reconstruct early-summer hydrological conditions in central Japan using the tree-ring δ 18 O (e.g., Yamaguchi et al. 2010; Li et al. 2015; Sakashita et al. 2016 Sakashita et al. , 2017 .
Here, we report a new tree-ring cellulose δ 18 O record for northeastern Japan spanning A.D. 1927-2010 . This interval overlaps with the instrumental records of the nearest meteorological station. Comparisons of our dataset with the instrumental NPGO index allow us to consider whether tree-ring δ 18 O in northeastern Japan can be a proxy for the NPGO index.
Methods

Tree-ring cellulose δ
18
O theory
Theoretically, the leaf δ 18 O model is expressed as the following modified Craig-Gordon equation (Craig and Gordon 1965 O p and h indicate the oxygen isotopes of precipitation and relative humidity, respectively. Considering the biochemical fractionation in sucrose synthesis, previous studies (Roden et al. 2000; Sternberg 2009) O is theoretically controlled by the oxygen isotopes of precipitation and relative humidity (Roden et al. 2000; McCarroll and Loader 2004; Sternberg 2009; Managave et al. 2010 ).
Tree-ring cellulose δ
18
O measurement
We measured tree-ring cellulose δ 18 O in northeast Japan from A.D. 1927-2010 to examine the climate response of our data to the closest meteorological station (Sendai; Fig. 1 ), records from which extend from October 1926 to present. Our sample was acquired at Kashima shrine (1)
in Miyagi prefecture (38°33′N, 140°52′E; Fig. 1 ) in A.D. 2010. Application of the "plate method" (Xu et al. 2011; Kagawa et al. 2015) enabled us to obtain an extracted α-cellulose plate from our sample, which is then divided into annual growth rings. Growth rings (0.2 mg) were individually wrapped in silver foil, with δ
18
O measured at least twice for each sample using both a continuous flow high-temperature conversion elemental analyzer (TC/ EA), as well as a Thermo Finnigan MAT253 mass spectrometer at the Tokyo Institute of Technology (Sakashita et al. 2016) . Repeated analyses of the working standard (Merck cellulose) showed that measurement uncertainties are less than 0.3‰. Resulting oxygen isotope ratios are expressed in the following standard equation:
where the oxygen standard is Vienna Standard Mean Ocean Water (VSMOW).
Meteorological data and spectral analysis
Meteorological data (temperature, precipitation, and relative humidity) from the Sendai station (38°16′N, 140°54′E; Fig. 1 ) enabled us to examine the climate response of our tree-ring δ 18 O data. These data are available from the Japan Meteorological Agency [http://www. data.jma.go.jp/obd/stats/etrn/index.php (Japanese-language site)].
We also compare δ 18 O of tree-ring cellulose to the NPGO index from A.D. 1950 to 2010 (Di Lorenzo et al.
2008), which is available at http://www.o3d.org/npgo/ npgo.php and to the PDO index (Mantua et al. 1997; Zhang et al. 1997 ) (data available from http://research. jisao.washington.edu/pdo/). Here we excluded the years of A.D. 2010 through 2016 from these analyses, because our tree-ring sample recorded until A.D. 2010. We also use global SST and SLP datasets from A.D. 1927 to 2010. SST data were obtained from the Extended Reconstructed SST version 3b [ERSST v3b; Smith et al. (2008) ] dataset of the National Oceanic and Atmospheric Administration (NOAA) (available from https://www. ncdc.noaa.gov/data-access/marineocean-data/extendedreconstructed-sea-surface-temperature-ersst-v3b). SLP data were obtained from the National Centers for Environmental Prediction (NCEP) and the National Center for Atmospheric Research (NCAR) reanalysis 1 (Kalnay et al. 1996 ; available from http://www.esrl.noaa.gov/psd/ data/gridded/data.ncep.reanalysis.surface.html). We also use both the 20th century Reanalysis (V2) of NOAA Earth System Research Laboratory (ESRL) (Compo et al. 2011 ) and the European Centre for Medium-Range Weather Forecasts (ECMWF) 20th century reanalysis (ERA-20C) (Poli et al. 2016) .
To examine periodicity, we applied multitaper method (MTM) analysis using the software package kSpectra (Ghil 2002) . In this analysis, the significance test was based on an AR (1) (red) null hypothesis. Wavelet code was used to examine the coherency in time-frequency space (Grinsted et al. 2004 O and precipitation recorded from the Sendai station reveal that the highest significant correlation is to May-June (MJ) precipitation (r = − 0.37, p < 0.001, N = 84) (Fig. 2a) O in northeast Japan was influenced by early-summer precipitation variability (Fig. 3a, d ).
Temporal comparison with MJ relative humidity also indicates that the tree-ring data do not record long-term relative humidity variations (Fig. 3b, e) . MTM analyses of both tree-ring δ 18 O and MJ precipitation during A.D. 1927-2010 reveal no significant spectral peaks (Fig. 4a,  c) , but same analysis for MJ relative humidity showed a significant long-term variation (gray shade in Fig. 4b ). To compare our tree-ring data with MJ relative humidity except for this variation, we removed the lower-frequency component from both datasets with 57-year high-pass filter. After removal, correlation analysis between these δ 18 O and MJ relative humidity datasets exhibit a significant correlation (r = − 0.37, p < 0.001, N = 84; Fig. 3c,  f ) . Thus, our tree-ring δ 18 O are influenced by both earlysummer precipitation and short-term relative humidity variation.
Comparison with NPGO, PDO and SST
To examine the relationship between tree-ring δ 18 O in northeast Japan and North Pacific SST, we compared our data to the NPGO (Di Lorenzo et al. 2008 ) and PDO (Table 1 ). These analyses also show that there is no significant correlation between treering δ 18 O in northeast Japan and PDO index (Table 1) . We also investigated yearly time-lagged relationships between our record and the NPGO index. Previous work reported that the NPGO synchronizes the climate variability in the western North Pacific boundary with a lag of 2-3 years (Ceballos et al. 2009 ). However, we find no significant correlation between our tree-ring δ Figure S2 ), though other significant spectral frequencies are evident during this period. We also performed the cross-wavelet analyses for our tree-ring δ 18 O and the NPGO indices to understand the coherency in time-frequency space. These analyses indicate common variance on both multiyear and decadal time scales, but the coherence at periods of 5-10 years only appeared during the 1970s and 1980s (Additional file 3: Figure S3 ). Further studies are needed to explain why these correlations were only found during these periods. To extract these common components of both our data and NPGO index, we applied two band-pass filters, centered at 0.1 year −1 with 3-30-and 5-30-year bandwidth (Fig. 5) . Correlation analyses revealed that 5-30-year variability of tree-ring δ 18 O had the highest correlations with that of +MJ NPGO index from A.D. 1950 to 2010, but this correlation coefficient was not significant in 95% level using estimates of the effective number of degree of freedom (r = 0.44, df = 15, p = 0.1; Table 2 ). We also investigated this decadal relationship at the different time intervals (A.D. 1950-1987 and 1988-2010 ) because a previous work suggests that a NPGO-related climate transition occurred in the late 1980s (Yeh et al. 2011) . Our analysis reveals that significant correlations are found for the period from A.D. 1950-1987 , and the highest correlation exists for 5-30-year variability of +MJ NPGO index (r = 0.69, df = 12, p = 0.001; Table 2 ). However, there is no significant correlation between tree-ring δ (Table 2) . These results suggest that tree-ring δ 18 O in northeast Japan has a potential linkage with NPGO index from winter to early summer of the following year before the North Pacific climate transition in the late 1980s, especially on decadal timescales.
To better understand the relationship between earlysummer precipitation in northeast Japan and the North Pacific climate pattern, we also compared inverted MJ precipitation in Sendai (because tree-ring δ 18 O is negatively correlated with observed MJ precipitation as shown in Fig. 2a) Table S1 ). Spectral analyses of both the raw and filtered tree-ring δ 18 O and NPGO index showed similar variations on both multiyear and decadal timescales (Additional file 2: Figure S2 , Additional file 3: Figure S3 ). To further examine the relationship between the actual early-summer precipitation and NPGO index on decadal time scales, we also performed the same comparison using band-pass filters. Considering the effective number of degree of freedom, 3-30-year variation of the inverted MJ precipitation significantly correlates with that of NPGO index from spring to early summer of the following year during only A.D. 1950-1987 (Table 3 and Fig. 5 ). These results suggest that the relationship between tree-ring δ 18 O and the NPGO index from +MA to +MJ is consistent with that of observed early-summer precipitation on 3-30-year variability. Our results also propose that there are stronger relationships between the tree-ring δ 18 O and the NPGO indices than between the MJ precipitation and the NPGO indices. Tree-ring cellulose δ 18 O is theoretically controlled by the oxygen isotopes of precipitation and relative humidity (Roden et al. 2000; McCarroll and Loader 2004; Sternberg 2009; Managave et al. 2010 ). This rainfall δ 18 O is influenced by not only precipitation amount but also moisture source change in the Japanese region (e.g., Kurita et al. 2015) . The northeasterly "Yamase" winds sometimes affect the early summer weather in northeast Japan. Tree-ring cellulose δ 18 O in northeast Japan may record this atmospheric circulation change. This may relate to the higher correlation coefficients than those of precipitation, but further work is needed to confirm this interpretation.
To examine the relationship between our record and NPGO including prior to A.D. 1950, we examined +MA and +MJ mean global SST anomalies for six events of negative tree-ring δ 18 O values, because the NPGO index values are not available prior to A.D. 1950 (Di Lorenzo et al. 2008 ). We denote 6 years (A.D. 1938, 1947, 1954, 1956, 1966 and 1981) based on tree-ring δ 18 O (MJ precipitation in Sendai) indicating relatively low (high) values from the series mean (Fig. 3a) . +MA and +MJ mean SST anomalies indicate that positive anomalies appear in the central North Pacific (Fig. 6a, b) . The negative anomalies in the eastern North Pacific were only found in +MA mean SST anomalies (Fig. 6a) . These dipole SST anomaly patterns may relate to the NPGO. We also performed the same analysis for six events of positive tree-ring δ 18 O values (A.D. 1933, 1940, 1942, 1963, 1975, and 1987) . +MA mean SST anomalies in the North Pacific had the opposite SST pattern (Fig. 6c ), but these characteristics were not clear in +MJ mean SST anomalies (Fig. 6d) . These results support the interpretation that our tree-ring δ 18 O variability is related to the NPGO in spring of the following year prior to the late 1980s. 
Changes in sea-level pressure pattern
To explain the physical process linking our tree-ring δ 18 O with the NPGO, we examined the MJ mean SLP pattern for four events of negative tree-ring δ 18 O values (A.D. 1954, 1956, 1966 and 1981) . Here spatial SLP datasets (Kalnay et al. 1996) were normalized to zero mean and one standard deviation during A.D. 1948-2010 . This analysis showed that the MJ mean SLP anomalies were characterized by a dipole pattern in the western North Pacific (Fig. 7a) . We also performed the same analysis for three events of positive tree-ring δ 18 O values (A.D. 1963, 1975, and 1987) . This indicated that the opposite dipole pattern appeared in the North Pacific (Fig. 7b) . Previous work suggests these SLP patterns may relate to the NPO (Rogers 1981) , and that this meridional pressure pattern may relate to the mean position of rain front and affect the early-summer hydrological climate in northeast Japan. To examine these SLP patterns including prior to A.D. 1950, the same analyses were performed using both the 20th century Reanalysis V2 of NOAA ESRL (Compo et al. 2011 ) and the ERA-20C datasets (Poli et al. 2016 ) from A.D. 1927 to 2010 (Additional file 5: Figure S4 ). In the analysis for six events of negative tree-ring δ 18 O values (A.D. 1938, 1947, 1954, 1956, 1966, and 1981) , the MJ mean SLP patterns in the Sea of Okhotsk had similar positive anomalies in Fig. 7a (Additional file 5: Figure S4a, b) . The same analysis for six events of positive tree-ring δ 18 O values (A.D. 1933, 1940, 1942, 1963, 1975, and 1987 ) also suggested that the SLP anomalies in the Sea of Okhotsk had negative trend (Additional file 5: Figure S4c, d ), but the dipole pattern in the western North Pacific was unclear in these analyses (Additional file 5: Figure S4 ). This may indicate the weak relationship between our tree-ring δ 18 O and the SLP pattern prior to A. D. 1950. Meteorological data show a possible relationship between the WNPSM and the NPGO , with the relationship between the WNPSM and SLP in the North Pacific being built through the meridional wave train pattern in summer, resulting in a NPO pattern. The NPO forces sea-surface wind stress, causing then the NPGO-pattern SST anomaly to appear in the North Pacific during the following spring. Our analysis between tree-ring δ 18 O in northeastern Japan and the NPGO indicate significant correlations with the +MA and +MJ NPGO index before the North Pacific climate transition in the late 1980s. Analyses using global SLP datasets also show that summer spatial SLP anomalies were a NPO-like pattern in A. D. 1938 and 1981 . These are similar to the previous proposal of Zhang and Luo (2016) , indicating that NPGO can be reconstructed by measuring the tree-ring δ 18 O in northeastern Japan prior to late 1980s. Previous studies reported that the regime shift of meridional circulation occurred in the North Pacific in the late 1980s (e.g., Xiao et al. 2012; Kim et al. 2015) . This meridional circulation change may relate to the weak relationship between our tree-ring δ
18
O and the NPGO after the late 1980s, but further investigations are needed to confirm this interpretation. .D. 1938, 1947, 1954, 1956, 1966 and 1981) . c +MA and d +MJ mean SST anomalies for six positive tree-ring cellulose events (A.D. 1933, 1940, 1942, 1963, 1975, and 1987) . Datasets were from ERSST (Smith et al. 2008) , and these anomalies were calculated from the difference between SST in these years and the SST average during A.D. 1927-2010 
Conclusions
This study has examined the relation between tree-ring δ 18 O variability in northeastern Japan and the NPGO. Our analyses reveal that this tree-ring δ 18 O signal is controlled by the early-summer hydrological climate change, except for the long-term relative humidity variation. Time-lagged temporal-domain comparisons to the NPGO index indicate that our hydroclimate reconstruction data relate to the +MA and +MJ NPGO before the North Pacific climate transition in the late 1980s, and this relationship is strong on decadal timescales. These results are consistent with the observed early-summer precipitation. Spatial spring and early-summer SST anomalies indicate NPGO-like patterns in the following year. Spatial early-summer SLP anomalies show dipole patterns in the western North Pacific, which may relate to the NPO. .D. 1954, 1956, 1966 and 1981) . b MJ mean SLP anomalies for three positive tree-ring cellulose events (A.D. 1963, 1975, and 1987) . Datasets were from NCEP/NCAR reanalysis 1 (Kalnay et al. 1996) . These anomalies were normalized to zero mean and one standard deviation during A.D. 1948-2010 between tree-ring δ 18 O variability in northeastern Japan and the NPGO, but more work is needed to understand its exact nature and identify mechanisms.
